AND CONCLUSIONS I. The patterns and synchronization of low-frequency, sleeplike rhythms (slow, spindle and delta oscillations)
I. The patterns and synchronization of low-frequency, sleeplike rhythms (slow, spindle and delta oscillations)
were compared in the intact-cortex and decorticated hemispheres of cats under ketamine-xylazine anesthesia. Intracellular recordings were performed in intact and decorticated hemispheres from 58 rostrolateral thalamic reticular ( RE) neurons and from 164 thalamocortical (TC) neurons in the ventrolateral (VL) nucleus. In the decorticated hemisphere, dual intracellular recordings were performed from five RE-VL cell couples and from 12 TC cell couples within the VL nucleus. In addition, field potentials were simultaneously recorded from the neocortex (electroencephalogram) and ipsilateral thalamus [ electrothalamogram (EThG) ] of the intact (right) hemisphere, while EThG was recorded from the VL nucleus of the decorticated ( left ) hemisphere.
2. The slow oscillation ( < 1 Hz) was absent in all 72 VL cells and in 23 of 25 RE cells from the decorticated hemisphere, as well as in the EThG recorded from the VL nucleus in the decorticated hemisphere, whereas it was simultaneously present in the cortex and thalamus of the intact hemisphere. The remaining two RE neurons (8%) in the decorticated hemisphere oscillated in close time relation with the slow oscillation in the cortex and thalamus of the opposite hemisphere; averaged activities showed that the onset of depolarization in RE cell followed 12 ms after the sharp depth-negative (depolarizing) component in the contralateral cortex. We view this result as the electrophysiological correlate of a disynaptic excitatory pathway consisting of crossed cortical projections, first relayed in contralateral dorsal thalamic nuclei.
3. The patterns of thalamic spindles (7-14 Hz) differed between the two hemispheres. Whereas the decorticated hemisphere displayed prolonged, waxing and waning spindles, the spindles in the intact-cortex hemisphere were short and exclusively waning and followed the depth-negative component of cortical slow oscillation. This result indicates that the synchronized corticothalamic drive associated with the slow oscillation fully entrains thalamic circuits from the onset of spindles, thus preventing further waxing. Similar differences between waxing and waning and waning spindles were obtained by stimulating with different intensities the thalamus in the decorticated hemisphere.
4. Simultaneous intracellular recordings from two VL cells or from RE and VL cells showed nearly simultaneous spindle sequences in the decorticated hemisphere.
5. The hyperpolarization-activated intrinsic delta oscillation ( l-4 Hz) of TC cells was asynchronous in the decorticated hemisphere.
6. These results strengthen the idea that the slow oscillation is cortical in origin; demonstrate a full, short-range, intrathalamic synchrony of spindles in the absence of cortex; and indicate that the pattern of spindles, a sleep rhythm that is conventionally regarded as purely thalamic, is shaped by the corticothalamic feedback.
INTRODUCTION
Low-frequency ( < 15 Hz) brain rhythms that characteristically occur during the natural state of quiescent sleep or appear under various anesthetics are generated in the cerebral cortex and thalamus.
The slow oscillation ( < 1 Hz), consisting of periodic sequences of prolonged hyperpolarizations and depolarizations, was postulated to arise as an emergent property of neocortical networks, because it survived extensive thalamic lesions (Steriade et al. 1993~) and its long-range synchronization was disrupted after disconnection of intracortical synaptic linkages (Amzica and Steriade 1995b) . Nonetheless, thalamocortical (TC) cells reflect the slow cortical oscillation (Steriade et al. 1993a) , display rebound spike bursts following the long-lasting and rhythmic hyperpolarizing periods (Contreras and Steriade 1995 ) , and may thus play a role in the initiation of rhythmic depolarizing epochs in cortical neurons.
At variance with the slow oscillation, sleep spindles (7-14 Hz) are generated in the thalamus after decortication and upper brain stem transection (Morison and Bassett 1945) and they occur even in thalamic slices (von Krosigk et al. 1993) . Corticofugal volleys are highly effective in triggering thalamic spindles (Steriade et al. 1972) and, during the depolarizing phase of the slow oscillation, this corticothalamic effect is mainly mediated by thalamic reticular (RE) neurons (Contreras and Steriade 1996) . These data indicate that the cerebral cortex and thalamus constitute a unified oscillatory machine that generates complex waveforms due to interactions between cortical, RE, and TC cells, thus resulting in combined oscillatory types.
As to the stereotyped, clocklike delta oscillation ( l-4 Hz), it is generated in TC cells through the interplay between two of their intrinsic currents (Curro Dossi et al. 1992; Leresche et al. 1991; McCormick and Pape 1990; Soltesz et al. 199 1) . Although there is no direct evidence for a leading role of TC cells in the generation of clocklike delta potentials in cortical pyramidal neurons (see Fig. 1 in Steriade et al. 1993~) ) the synaptic synchronization in pools of TC cells displaying delta oscillation (Nunez et al. 1992; Soltesz and Crunelli 1992; Steriade et al. 1991) may induce this type of sleep rhythm in target cortical areas.
Whether or not the thalamus is able to generate and synchronize various sleep rhythms in the absence of cortex, and the possible differences between the patterns of sleep oscillations in the thalamus of intact-cortex and decorticated animals, remained to be explored by comparing the electrical activities of the two hemispheres under similar conditions. In the present study we address these issues. We have investigated the two major thalamic cell classes implicated in sleep oscillations, TC and RE neurons, through intracellular recordings and, in some instances, by means of dual impalements of TC cells or TC and RE cells. Local inhibitory thalamic interneurons do not play a decisive role in spindle rhythmicity, as shown by short and arrythmic inhibitory postsynaptic potentials (IPSPs) of TC cells associated with loss of spindles after disconnection from inputs arising in RE nucleus (Steriade et al. 1985) and absence of a priming role in spindling as assessed by direct recording of localcircuit thalamic neurons (Bal et al. 1995 ) .
We asked the following questions. 1) Is the slow oscillation present in the thalamus after massive ipsilateral decortication and callosal cuts? Despite some experimental evidence in favor of an intracortical generation of the slow rhythm (see above), the possibility that this oscillation is due to general factors and could arise in many brain structures even in the absence of cortex was not yet discarded.
2) Are the patterns of thalamic spindles different in intactcortex and decorticated hemispheres under the same anesthetic agent? This question arose in view of data indicating that strong corticofugal volleys, associated with the sharp depolarizations of corticothalamic neurons during the slow oscillation under ketamine-xylazine anesthesia, elicit spindles that start abruptly and develop with only waning patterns (Contreras and Steriade 1996) , in contrast with the usually described waxing and waning spindles that occur under barbiturate anesthesia (reviewed in Andersen and Andersson 1968; Steriade et al. 1990) . If the waxing and waning spindles could be detected in the thalamus after ipsilatera1 decortication, simultaneous with and opposed to the waning spindles in the intact-cortex hemisphere oscillating with the slow rhythm under the same anesthesia, this would point to an important role of the corticothalamic feedback in spindling, an oscillation that is conventionally regarded as depending on only thalamic mechanisms. 3) What is the difference in the synchronization of spindles and of the other thalamic-generated sleep rhythm, the clocklike delta oscillation at l-4 Hz, after ipsilateral decortication?
METHODS

Preparation
Experiments were conducted on 27 adult cats, maintained under general anesthesia with a mixture of ketamine and xylazine ( lo-15 mg/kg and 2-3 mg/kg im). In addition, tissues to be incised and pressure points were infiltrated with lidocaine. The electroencephalogram (EEG) was continuously recorded and additional doses of anesthetics were administered at the slightest tendency toward an activated pattern, namely an increase in frequency and decrease in amplitude of EEG waves. The cats were paralyzed with gallamine triethiodide and artificially ventilated to an end-tidal CO2 of 3.5 -3.8%. The heartbeat was monitored and body temperature was maintained at 37-39'. The cortex was removed by suction on the left side, where thalamic recordings were made, and the corpus callosum was cut. Recordings began 20-60 min after decortication and lasted for lo-14 h. 
Histology
At the end of experiments, the animals were given a lethal dose of pentobarbital and perfused intracardially with physiological saline, followed by 10% formaldehyde. The extent of hemidecortication and callosal cut were verified on coronal sections (80 pm) stained with thionine.
Data analysis
Low-frequency activities in the intact-cortex and decorticated hemispheres were analyzed by averaging field potentials and intracellular activities as well as by cross-correlograms between EEG and EThG in the right hemisphere, between right and left EThG, and between field potentials from the right hemisphere and intracellular activities in the left thalamus.
RESULTS
Data base and neuronal identification
The comparison between intracellular thalamic activities in the intact-cortex and decorticated hemispheres is based on recordings from 125 neurons in the intact-cortex hemisphere (92 in the VL nucleus and 33 in the rostrolateral part of RE nucleus) and from 97 neurons in the decorticated hemisphere (72 in the VL nucleus and 25 in the rostrolateral part of RE nucleus). Data from the decorticated hemisphere are also based on dual intracellular recordings from 12 cell couples within the VL nucleus and from 5 VL-RE cell couples. In addition, extracellular single-or multi-unit recordings were made in the decorticated hemisphere from 107 foci within the VL and the related sector of the RE nucleus.
In the following we refer to the cell sample recorded from the decorticated hemisphere. Of 72 intracellularly recorded VL neurons, 56 responded with monosynaptic excitatory postsynaptic potentials to brachium conjunctivum stimuli. Latencies of antidromic responses to local (VL) stimuli ranged between 0.2 and 0.8 ms (see Figs. 6 and 7). Other electrophysiological features, typical for TC neurons, were hyperpolarization-induced rebound bursts, having fewer than five to six action potentials and progressively increasing interspike intervals; and intrinsic (clocklike) oscillations within the delta frequency range (l-4 Hz) at V,,, levels between -70 and -80 mV. The average V, in VL cells was -62.3 t 1.7 (SE) mV and the apparent input resistance (estimated by applying short hyperpolarizing pulses) was 21.1 2 0.9 MR. At the resting V,,, as well as under slight DC depolarization or hyperpolarization, 55 VL neurons displayed spindle oscillations or clocklike delta oscillation, whereas 17 VL neurons had only depolarizing events with frequencies >15-20 Hz. None of the 72 VL cells displayed the slow oscillation at < 1 Hz. The RE cells responded with disynaptic excitatory postsynaptic potentials to brachium conjunctivum stimuli and discharged much longer spike bursts than TC cells, with typical acceleration followed by deceleration (Domich et al. 1986; Steriade et al. 1986) , either spontaneously or following hyperpolarizing current hltra -4SmV B 1 "1, pulses. The V, of RI! neurons was -62.4 2 2.2 mV and apparent input resistance was 35.7 -f: 1.1 MR. Of 25 intracellularly recorded REl cells, 16 displayed spindles and 7 did not display spontaneous, low-frequency rhythms. Only two RE cells displayed the slow oscillation (1 exhibited both slow and spindle oscillations; see Fig. 5 ) .
Slow and spindle oscillations in the intact-cortex hemisphere
In preparations with intact corticothalamic circuitry, the cortical slow oscillation was reflected in both RE and TC cells. As recently reported (Contreras and Steriade 1995; Steriade et al. 1994 Steriade et al. , 1996a , the depth-positive EEG component of this oscillation is associated with long-lasting hyperpolarizations in cortical and thalamic neurons, whereas the sharp, depth-negative EEG component is followed by a brief sequence of spindle waves. Figure 1A shows that, in the RE neuron, spike bursts within the frequency range of spindles ( -10 Hz) occurred after the prolonged hyperpolarization and, at a depolarized V,, they were followed by a plateau of tonic firing. Distinctly, in the TC cell from the -4OmV ,* 1 "A, FIG. 1. Slow (<l Hz) and spindle (7-14Hz) oscillations of thalamic reticular (RE) (A) and thalamocortical (TC) (B) neurons in intact-cortex hemisphere. A : depth electroencephalogram (EEG) from area 4 and intracellular recording from ipsilateral rostral RE cell. Depth-negative (downward) EEG component of the slow oscillation is followed by a few spindle waves at 10 Hz. Botfom: different patterns of spindle activity of RE cell during steady depolarization ( + 1 nA, -45 mV), the resting membrane potential (V,,,) (-55 mV), and steady hyperpolarization (-1 nA, -72 mV) . BZ : recording of depth EEG from precruciate cortical area 4 and simultaneous intracellular recording from ipsilateral ventrolateral (VL) nucleus. The sharp depth-negative EEG component of the slow oscillation, recurring at 0.5 Hz, was followed by a few waves in the frequency range of spindles (7-8 Hz) appearing in VL cell as inhibitory postsynaptic potentials (IPSPs) that occasionally led to a rebound low-threshold spike. B2: increased amplitude of spindle-related IPSPs under steady depolarizing current ( + 1 nA, -40 mV), compared with activity in the VL cell at rest (-62 mV) and under hyperpolarizing current ( -1 nA, -77 mV). Asterisks in BI and B2 (0 current): hyperpolarizing phase of VL cell during the depthpositive EEG component of the slow oscillation. In this and following figures, polarity of EEG and local field potentials is the same as for intracellular recordings (positivity up); V,,, is indicated. VL nucleus (Fig. 1B ) the prolonged hyperpolarization accompanying the depth-positive EEG wave (asterisks) was followed by spindle-related, rhythmic IPSPs (at 8-9 Hz) that increased in amplitude under depolarizing current; under hyperpolarizing current, the VL neuron fired a low-threshold spike after the long-lasting hyperpolarization, during the early phase of the EEG depth-negativity. The spindle sequences that follow the slow oscillation in intact-cortex animals display the same waning feature and a similar short duration in the thalamus and cortex, and they are synchronized among related cortical areas and thalamic nuclei ( Fig. 2A) . The TC coherence of spindles is demonstrated in the field potential recordings of Fig. 2Al and in the topogram triggered by the sharp depth-negative component of the slow oscillation (time 0). Dual intracellular recordings from motor cortex and thalamic VL nucleus also demonstrate the synchronization of spindles in the TC circuit following the slow oscillation (Fig. 2B ).
Absence of slow oscillation in the decorticated hemisphere On histological control, all animals showed a total ablation of cortical areas that have connections with the explored (VL and BE) thalamic nuclei, even extending to virtually all neocortical fields. Figure 3 shows two coronal thioninestained sections, indicating that all neocortical (sensory, motor, and association) areas were ablated; the only piece of cerebral cortex that was left, on the ventral side, included the perirhinal and prepiriform cortices. In a few animals, we gram shows that, over the whole period of 2 min, spindles were built up by 2-4 waning cycles at lo-12 Hz that altogether lasted for ~400 ms. B: dual intracellular recording from cortical area 4 neuron and thalamic VL neuron, together with depth EEG in area 4. Resting V,,, (BI) and steady hyperpolarizing current (B2).
succeeded also in removing the perirhinal and entorhinal cortices, leaving intact just the medial part of the prepiriform cortex, underlying the amygdala. Concerning the animals in which the perirhinal and prepiriform cortices were left intact, those areas are not connected with nuclei that were explored in the present study, nor with any of the rostrolateral thalamic nuclei (see DIscussIoN).
After such unilateral cortical ablations, the comparison between field potential activities in the intact-cortex and decorticated hemisphere (n = 12) showed I) normal slow oscillation ( < 1 Hz) in the right hemisphere and absence of this oscillation ipsilaterally to the ablated neocortex; 2) brief, waning sequences of spindle waves following the depthnegative EEG component of the slow oscillation in the right hemisphere, quite different from the prolonged, waxing and waning spindle sequences in the decorticated hemisphere; and 3) synchronous spindles in motor cortex and VL thalamus of the right hemisphere, and absence of any synchrony between the right and left thalami. In the example of Fig.  4 , the slow oscillation, which occurred synchronously in the right cortical area 4 and ipsilateral (VL) thalamic nucleus, led to a spindle sequence lasting for only 0.4-0.5 s. The TC synchronization of spindles is demonstrated by the crosscorrelogram showing that the peak of thalamic spindles preceded the cortical one by -15 ms. By contrast, the slow oscillation was absent in the decorticated thalamus. Compared with the short and waning spindles in the right hemisphere, spindles in the left thalamus were long-lasting (2.5-3 s, 5-6 times longer than in the intact-cortex hemisphere) and displayed a typical waxing and waning pattern. No tem-and 92% of RE cells recorded in the decorticated hemisphere poral relation between spindles could be detected between also lacked the slow rhythm. Moreover, spindle sequences the right hemisphere, in which spindles recurred periodically in neurons recorded intracellularly from the decorticated with the frequency of the slow oscillation, and the left hemi-hemisphere lasted for 2-4 s, at variance with the much sphere, in which the longer spindle sequences recurred every shorter spindles (-0.5 s) recorded simultaneously from the 10-12 s.
intact-cortex hemisphere. Intracellular recordings from RE and TC cells deprived Figure 5 depicts the two RE neurons that, at variance with of neocortical connections essentially substantiated the the overwhelming majority of these neurons, displayed the above data from field potential recordings. None of the 72 slow rhythm at <l Hz, nearly synchronously with the slowly TC cells from the left VL nucleus showed a slow oscillation, recurring field potential activity in the intact-cortex hemi- In this and all similar following figures, the cortex was ablated at left ( see Fig. 3 sphere. The minimal time delay between the depth-negative cortical EEG component recorded from the right hemisphere and the depolarization in the contralateral RE neurons was lo-12 ms. The averaged activity, triggered by the depth-negative EEG component of the slow oscillation in the right hemisphere, showed that the onset of depolarization in the left RE neuron, occasionally leading to action potentials, followed after 12 ms (Fig. 5B) . Such depolarizing potentials in the RE cell, in close time relation with the slow oscillation from the opposite hemisphere, are marked by four asterisks in the intracellular trace of Fig. 5B . This unexpected synchrony between the two hemispheres, surviving hemidecortication, may be explained by the connections between the two thalami and by crossed corticothalamic projections (see DISCUSSION).
Differential aspects of spindles in TC cells of intact-cortex and decorticated hemispheres Figure 5 also demonstrates the difference between the relatively long duration (2 s) of spindle sequences in the RE neuron recorded from the decorticated hemisphere (Fig.  5B ) compared with the relatively short spindle sequences in the EEG of the intact-cortex hemisphere. Similarly, spindles in TC neurons of the decorticated hemisphere lasted longer, 2-4 s, than the usually short spindle sequences recorded in the intact-cortex preparations under ketamine-xylazine anesthesia.
Prolonged waxing and waning spindles occurred spontaneously in TC cells of the decorticated hemisphere and they were different from the short, waning spindles that were elicited by thalamic stimuli (Fig. 6) . Moreover, changing intensities of thalamic stimuli gave rise to quite different spindles in TC cells, in both shapes and durations. The dual intracellular recordings of VL neurons in Fig. 7 show I) short, waning spindles in both cells, elicited by maximal intensity stimulation of the VL nucleus (Fig. 7A) and 2) longer, waxing and waning spindles when the intensity of testing thalamic stimuli diminished (Fig. 7, B and C) .
Measurements of input resistance in TC neurons from the decorticated hemisphere, by means of short hyperpolarizing pulses (0.1 s, 0.7 I-A), provided the following values: 22.3 t in the field potentials recorded from the VL nucleus, 2-1.4 M0 (n = 35) during interspindle lulls, 16.3 t 0.5 MQ 3 mm apart. Expanded traces demonstrated that in many (n = 16) during spindles, and 21.8 t 1.7 M0 (n = 4) in instances, the rhythmic IPSPs, which typically build up the the period immediately preceding the spindle sequence. This sequences of spindles in TC cells, were strictly simultaneous result indicates not only that the long-lasting hyperpolarizawith the positive phases of spindle-related field potentials tion of the slow oscillation that precedes spindles was absent (Fig. 8B) . in the decorticated hemisphere, but also that the major feaDual intracellular recordings from TC neurons (~1 = 12) ture of this prolonged hyperpolarization in intact-cortex hemisphere (namely, an increase in input resistance by provided further evidence for the short-range synchrony of -30%) ( see Contreras et al. 1996b) with no time delays or with delays that did not exceed one to two individual spindle waves, i.e., <0.3-0.4 s. This is demonstrated by the simultaneous recordings of two VL cells depicted in Fig. 9 , which also shows that field potentials from the same nucleus, reflecting summated postsynaptic potentials and intrinsic currents from a population of neurons, are nearly synchronous or slightly out of phase with intracellular activities. Data are also shown for another couple of VL cells recorded intracellularly (Fig. lo) , thus demonstrating that some spindle sequences were initiated strictly synchronously, with the first five IPSPs of both cells occurring without any time delays (see the 4th spindle sequence in Fig. 10 , when the hyperpolarizing current in VL2 cell was removed). We did not observe spindle oscillations that would regularly propagate across the VL nucleus, with consistent time delays from one spindle sequence to another.
Finally, dual intracellular recordings from VL and RE cells (~2 = 5) showed synchrony between these neurons during spindles. Averaged intracellular activities demonstrated a perfect correlation between the depolarizing spindle waves crowned by spike bursts in RE cell and the TPSPs of VL cell (Fig. 11) .
Intrinsic delta oscillation in the decorticated hemisphere
Another low-frequency rhythm that originates in the thalamus is the stereotyped, clocklike oscillation within the frequency range of EEG delta waves ( l-4 Hz). Previous in vitro (Leresche et al. 1991; McCormick and Pape 1990; Soltesz et al. 1991) and in vivo (Curt-o Dossi et al. 1992 ) studies have demonstrated the dependency of this oscillation on the hyperpolarization of TC cells. In the present experiments, the Vm of TC cells hyperpolarized by -lo-15 mV a few hours after decortication. As a corollary, the spindles that were recorded immediately after ipsilateral decortication were replaced by the clocklike delta oscillation on the background of an increased hyperpolarization (Fig. 12) because of the removal of the corticothalamic depolarizing impingement.
Dual intracellular recordings of TC cells oscillating at the 4160 I. TIMOFEEV AND M. STERIADE spindle frequency showed that, after application of a hyperpoous foci in the RE and VL nuclei showed, first, the dislarizing pulse in one of the two neurons, spindles were replaced tinctness of RE cells' spike bursts from those fired by TC by the intrinsic delta oscillation at -2 Hz (Fig. 13A) . In 14 cells, the former being up to 8-20 times longer than the of 72 VL cells, the Vm after decortication was more negative latter, with an accelerando-decelerando temporal distribution than -68 mV; the apparent input resistance of those neurons of interspike intervals (see inset, marked by * , in Fig. 14) . ranged between 80 and 110 MSt, much higher than in the In both RE and TC neurons, the frequencies of spike bursts remaining neurons of our sample (see database). One example were between 1 and 4 Hz, but, contrary to spindles, no of such cells is depicted in Fig. 13 B, showing that the intrinsic synchronization could be detected in the delta frequency delta oscillation was elicited by depolarizing the neuron by range between VL cells or between VL and RE cells. Analy-+0.4 to +0.5 nA from the resting Vm, which was at -82 mV. ses of expectation density confirmed that delta-oscillating In such neurons, the delta oscillation was elicited by subtle cellular activities were not synchronized (not shown). changes in Vm, because displacements by only 0.1 nA could replace the oscillation by nonoscillatory epochs (see changes DISCUSSION from +OS to +0.6 nA in Fig. 13B ).
Three major findings are reported in this paper. First, with Multisite recordings of extracellular discharges from vari-the exceution of two RE neurons, the slow oscillation was absent in the remaining 23 RE cells and all 72 TC cells as well as in field potential thalamic recordings after ipsilateral hemidecortication, whereas the cortex and the thalamus of the intact hemisphere simultaneously displayed this oscillation. Second, the patterns of thalamic spindles critically depended on the presence or absence of connections arising in the ipsilateral neocortex, thus displaying distinct features in each of the two thalami. And third, within restricted thalamic nuclear limits spindles occurred synchronously among simultaneously impaled RE and TC cells as well as in TC cell couples, and this was the case even in the absence of corticothalamic projections. Although our data were obtained in anesthetized animals, because of stability problems during intracellular recordings, the results are also relevant for low-frequency oscillations during natural sleep because of the striking similarities between the EEG-cellular patterns of the slow oscillation under ketamine-xylazine anesthesia and the patterns characterizing the same oscillation during the slow-wave sleep of behaving animals (Steriade et al. 1996a,b) .
Choice of the explored hemidecortication thalamic sectors and the exten t of
We focused on the VL nucleus and the rostrolateral sector of the RE nuclear complex because low-frequency sleep rhythms have systematically been explored in those parts of the thalamus and in related areas of the cerebral cortex. Indeed, spontaneous spindles and thalamic-evoked incremental cortical responses in the frequency range of spindles are profusely distributed in the pericruciate motor and suprasylvian association cortical areas of cat (Morison and Dempsey 1942) , where VL and rostra1 intralaminar thalamic nuclei project (Jones 1985 nucleus is reciprocally connected with both VL and intralaminar nuclei (Steriade et al. 1984) . As to the slow oscillation, it was also mainly explored in cat's suprasylvian cortex and in related parts of the thalamus, including the VL and rostrolateral RE nuclei (Contreras and Steriade 1995; Steriade et al. 1993a,c) . The hemidecortication succeeded in removing not only those cortical fields that are connected with the VL and rostrolateral part of RE nuclei, but extended to virtually the whole extent of the neocortex. The only regions that were partially left in the ventral part of the cortex were the perirhinal, entorhinal, and prepiriform cortices. In cat and rat, the lateral bank of the rhinal sulcus (see Fig. 3 ) projects to nucleus reuniens and some fields in the posterior thalamus, such as the suprageniculate and medial geniculate nuclei ( Witter et al. 1989) , far away from nuclei investigated in this study. The enthorinal cortex receives weak thalamic projections from some midline (reuniens, centralis medialis, rhomboidalis, and parataenialis) thalamic nuclei (Room and Groenewegen 1986), but the connection from the thalamus is not reciprocated (Witter et al. 1989 ). The prepiriform olfactory cortex has no connections with the thalamic nuclei investigated here.
Absence of slow oscillation in the thalamus of decorticated hemisphere
The origin of the slow oscillation in intracortical networks was initially suggested by its survival after thalamectomy and its diruption after disconnection of intracortical synaptic linkages ( see INTRODUCTION) .
The present results clearly demonstrate that the slow oscillation was absent in the thala- Arrow in VL2: low-threshold spike leading to Na' action potentials.
Other low-threshold spikes, in isolation, are seen during spindle sequences in both cells. mus after hemidecortication and callosal cuts, whereas the intact-cortex hemisphere simultaneously exhibited the slow rhythm. Although this study is based on data from VL and RE nuclei, the absence of the slow oscillation in decorticated animals was also observed in parallel intracellular and/or field potential recordings from ventroposterior, lateroposterior, mediodorsal, and intralaminar nuclei (unpublished data). We thus conclude that the slow thalamic oscillations, consisting of depolarizing-hyperpolarizing sequences in RE neurons (Steriade et al. 1993a ) that are surprisingly similar to those observed in neocortical neurons despite the dissimilar electrophysiological properties of these two cellular types, are due to corticothalamic projections. The distinct patterns of the slow oscillation in TC cells, i.e., IPSPs leading to rebound spike bursts at a time when cortical and RE cells simultaneously show depolarizing plateaus during the depth-negative EEG waves (see Fig. 1 ), are due to the powerful synaptic impingement onto TC cells arising in GABAergic RE neurons. That the slow oscillation is transmitted to subcortical structures by corticofugal projections is a more general conclusion based on recordings from corticostriatal neurons (Cowan and Wilson 1994) and nucleus basalis neurons (Nunez 1996) .
In view of the above data, the behavior of the two RE neurons showing slow oscillations that were closely time related to the same oscillatory type in the contralateral cortex and thalamus (Fig. 5) was surprising. We regard this unexpected result as partially reflecting the commissural paths between thalami, described in cat (Rinvik 1984) , rat (Battaglia et al. 1994; Raos and Bentivoglio 1993 ) , and monkey (Pare and Steriade 1993). In particular, the RE-to-RE contralateral projections arising in the rostra1 part of the nucleus OSCILLATIONS IN THE DECORTICATED THALAMUS 4163 (Battaglia et al. 1994 ) may explain spike bursts due to direct monkey (Goldman 1979; Preuss and Goldman-Rakic 1987 ) . cortico-RE ipsilateral excitation in the right hemisphere, fol-
The main pathway is through the internal capsule, crossing lowed by inhibitory rebound responses in the contralateral the midline at the level of central medial thalamic nucleus RE nucleus. Such responses would appear at a long latency (Molinari et al. 1985 ) , but alternative, more circuituous (-0.1 s), because of a primary inhibition, and they have pathways through the hypothalamus or mesencephalon are occasionally been observed: in Fig. 5A , some spike bursts not excluded. In cat, the contralateral dorsal thalamic nuclei of the RE cell followed at -0.1 s the peak depth negativity that are anterogradely labeled from some medial cortical in right cortical area 4. However, short-latency ( lo-12 ms) areas include, among other medial nuclei, the central medial, responses, as seen in the averages of Fig. 523 1985) . However, this is a minor projection compared with RE nucleus, with a prior synaptic relay in the left dorsal the ipsilateral corticothalamic systems, and the fact that we thalamus-Such crossed cortical projections to the dorsal succeeded in observing clear-cut signs of slow oscillation thalamic nuclei, but not RE nucleus, have been described in transmitted from the opposite cortex in only 2 of 25 RE cat ( Kaitz and Robertson 198 1; Molinari et al. 1985) and neurons corroborates the morphological findings. Different spindle patterns decorticated hemispheres in the intact-cortex and Spindles are conventionally thought to be a purely thalamic rhythm because they appear in decorticated animals with high brain stem transections. Nonetheless, the cortical control of this oscillation was demonstrated by induction of thalamic spindle waves following local application of cholinergic agonists to the cortex (Morison and Dempsey 1943)) electrical stimulation of contralateral cortex to avoid antidromic invasion of TC axons (Steriade et al. 1972) , and increased coupling between RE cells in the frequency range an exclusively waning pattern, whereas simultaneously recorded spindles from the decorticated hemisphere are 5 -6 times longer and have a waxing and waning pattern (Figs. 4, 6, (8) (9) (10) . We mention that waxing and waning spindles also occur in either barbiturized or naturally sleeping animals and humans, and that we used the model of the slow oscillation under ketamine-xylazine anesthesia because, in this experimental condition, the posthyperpolarization rebound that initiates the depolarizing cycle in cortical neurons effectively drives thalamic neurons, thus producing spindles (see Figs. 1 and 2) . In a previous work (Contreras and Steriade 1996) , it was shown that spindles have a waning of spindles following corticothalamic activation (Contreras pattern when elicited by cortical electrical stimuli and it was and Steriade 1996 ) .
proposed that synchronous stimuli entrain, right from the The present results show that, during the slow oscillation start, a great cellular population or even the totality of neuwhose depolarizing component is at the origin of a powerful rons implicated in the generation of a spindle sequence corticothalamic drive, spindles in the thalamus with intact within a thalamic subsystem, thus explaining the absence of cortical connections have a short duration (0.4-0.5 s) and a further waxing process. Here we support this hypothesis by means of a spontaneously occurring oscillation that emerges
The present data also demonstrate that, within the VL from large-scale synchronizing processes in the cortex (Amlimits and among VL and related RE neurons, spindles are zica and Steriade 1995a). Thus, instead of electrical cortical nearly synchronous, even after an extensive hemidecorticastimulation, we used a natural event, the slow oscillation tion. This points to the idea that, at least within well-defined that is present not only under ketamine-xylazine anesthesia thalamic circuits, intrathalamic synchrony is due to RE-TC but also in natural sleep (Steriade et al. 1996a,b) , and we connectivity, because there is no TC-TC crosstalk. Parallel compared, under the same anesthetic, the patterns of thalastudies in this laboratory have used simultaneous recordings mic spindles under the effects of corticothalamic synchroof field potentials and extracellular unit discharges from nous drives with the patterns of thalamic spindles when such eight thalamic foci separated by 1 mm, thus covering a large corticothalamic drives are absent. The conclusion is that, territory between the rostra1 and caudal pole of the thalamus with highly synchronous corticothalamic inputs, spindles are (Contreras et al. 1996a ). In those experiments it was shown waning and short because the progressive synchronization that, whereas in the intact-cortex hemisphere spindles are reflected in the waxing process is precluded. In natural sleep synchronous in many cortical and thalamic foci during natuof chronically implanted cats there are two types of spindles, ral sleep or barbiturate anesthesia, after ipsilateral hemidewith the feature of waxing and waning when the slow oscillacortication the spatiotemporal coherence of spindles dimintion is absent, and with the absence of waxing when the ishes; however, in many instances spindle sequences still slow oscillation and the associated sharp corticothalamic ex-occur in a concerted manner throughout the thalamus of the citation is prominent (unpublished data). decorticated hemisphere, probably because of the synchro- et al. 1995) have regarded the differences between the results obtained in vivo and in vitro as due to the intactness of widespread anatomic connections between the thalamus and cerebral cortex, anatomic features that are not replicated in the slice preparation. In addition, it could be that the lateral geniculate-perigeniculate complex has a peculiar connectivity that favors the spectacular propagation of spindles demonstrated in the paper by Kim et al. ( 1995) . In the present experiments, dual intracellular recordings from VL neurons separated by 2 mm consistently showed nearly synchronous spindles.
Asynchronous delta oscillation
The clock-delta oscillation within the delta frequency range ( l-4 Hz), arising through the interplay of two hyperpolarization-activated intrinsic currents of TC cells (McCormick and Pape 1990; Soltesz et al. 199 Our study shows that the classification of slow-wave sleep rhythms into three basic categories (slow, delta, and spindies) , characterized by different frequencies, may be useful for didactic purposes. However, at least the spindles are grouped by the slow oscillation that, through its depolarizing component, has the virtue of driving RE and TC cells and synchronizing them within the spindle frequency. The coalescence between the slow (cortical-generated) and spindle (thalamic-generated) oscillations as well as the altered patterns of spindling after decortication demonstrate that no simple circuits could account for the generation of different oscillatory types. The conventional view, according to which the spindling is a purely thalamic rhythm, is thus challenged by a more encompassing concept considering that the cortex and thalamus constitute a unified oscillatory machine. This increasing complexity makes computational studies more difficult and requires superimposed cortical layers when the modeling of thalamic rhythms is attempted.
We thank P. Giguere and D. Drolet for technical assistance. FIG. 14. Asynchronous spike bursts of RE and TC cells, in the delta frequency range (l-2 Hz), in the decorticated hemisphere. Multisite extracellular recordings from thalamic neurons in one RE and 2 VL (VLl and VL2) foci; the array of 3 tungsten microelectrodes were separated by 1 mm in the anteroposterior direction. Part marked by horizontal bar is expanded below ( \ ). One of the RE cell's spike bursts is expanded below and at right (*) to show typical accelerando-decelerando pattern.
al. 1992) because of the removal of the powerful corticothalamic depolarizing impingement. Figure 12 demonstrates the evolution of V, hyperpolarization after decortication and the associated changes in thalamic oscillation, with spindles at a relatively depolarized level and, a few hours later, the appearance of stereotyped delta oscillation when the V,,, reached -72 to -75 mV. With the exception of the dorsal lateral geniculate nucleus, where TC neurons may be synaptically connected (Friedlander et al. 198 1) and synchronization of delta oscillation was indeed revealed in intracellular recordings (Nufiez et al. 1992; Soltesz and Crunelli 1992) , in other thalamic nuclei TC cells do not give rise to local recurrent axonal collaterals and the intrinsic delta rhythm is generally not synchronized (see Fig. 14) . However, after cortical stimulation, cells displaying asynchronous delta rhythmicity become synchronized (Steriade et al. 199 1) , an effect likely mediated by RE neurons that possess two essential features: they are inhibitory and thus set the V,,, of TC cells at the level where delta rhythm is generated, and they have widespread projections to dorsal thalamic nuclei that could subserve synchronization processes.
